Small, low-cost, silicon-photodiode pyranometers are now widely used for solar irradiance measurements associated with solar thermal and photovoltaic power systems, as well as for agricultural applications. Without correction, the irradiance values indicated by these pyranometers may differ from the "true" broadband solar irradiance by over 10%. This paper identifies the time-ofday dependent factors responsible for these systematic errors, and describes new procedures that effectively compensate for the systematic influences. Application of the procedures should improve calibration methods and the accuracy of field measurements.
INTRODUCTlON
The National Renewable Energy Laboratory (NREL) in collaborative efforts with the Department of Commerce, National Oceanic and Atmospheric Administration Solar Radiation Facility (NOANSRF) at Boulder, CO, has for many years calibrated all types of solar pyranometers [I] . Since 1978, Sandia National Laboratories (SNL) has been calibrating a large group of pyranometers in support of their photovoltaic systems engineering activities. The collective experience at both laboratories has now been integrated as part of the National Center for Photovoltaics (NCPV). A collaborative effort has resulted providing a better understanding of the characteristics of siliconphotodiode pyranometers.
Silicon-photodiode irradiance pyranometers were developed as a low cost alternative to thermopile-based pyranometers to provide integrated solar resource information for climatological research [2] . One manufacturer has now produced over 27,000 of the devices [3] . However, the variability observed in calibration data for silicon-photodiode pyranometers has previously led metrologists to the conclusion that instantaneous solar irradiance measurements with these devices have an uncertainty at least twice as large as those from thermopile-based pyranometers [4] . Two examples will be given to illustrate the variability. Over a one year period, month-to-month (seasonal) variations of about 5% were observed in the apparent calibration factor for a silicon-based pyranometer, Fig. 1 . Angle-of-Incidence, AOI (degrees) Fig. 2 . Relative Calibration factor for silicon-photodiode pyranometer versus solar angle-of-incidence during NREL calibration. "Corrected data uses procedures from this work to compensate for spectral and AOI influences.
It is important to realize that the calibration procedures now applied to silicon-photodiode pyranometers [8, 9, IO] are methods historically developed for thermopile-based pyranometers, and may not be directly applicable to silicon pyranometers. Work recently conducted at SNL clarifies the systematic influences observed in measurements with silicon-photodiode pyranometers, and will lead to improved calibration methods and field accuracy for these devices.
FACTORS INFLUENCING RESPONSE
When used for solar irradiance measurements, pyranometers can be influenced by a variety of extraneous factors. These factors may include solar angle-of-incidence (AOI), device temperature, tilt orientation of the pyranometer, mechanical and optical asymmetries in the instrument, thermal response time, the ratio of the diffuse to direct components of the total irradiance, linearity of response with irradiance level, and the path across the pyranometer that the sunlight traverses.
For silicon-photodiode pyranometers, the influence of the solar spectrum and the calibration of associated shunt resistors must be added to this list of factors, but thermal response time can be ignored. Fig. 3 illustrates the spectral response of a typical LI-COR LI-200 silicon-photodiode pyranometer relative to the solar spectrum at different times of the day. For solar spectra at sunrise or sunset with a higher percentage of long wavelength irradiance, the response of a siliconphotodiode pyranometer can be expected to increase relative to the "bluer" spectrum at solar noon. model resulted in different calibration constants (CI, C2) for direct versus diffuse solar irradiance, and that both are referenced to a common irradiance level, Eo, typically I 000 W/m2. The pyranometer's response to the direct irradiance component is influenced by the cosine of the solar angleof-incidence, AOI, and by the optical characteristics of its diffuser.
The procedure for calculating A01 is documented elsewhere [l 11 . The optical characteristics of the diffuser were described by an empirically determined function, fn(AOl), called the "A01 Function." The response of the pyranometer to the diffuse irradiance was assumed to have no dependence on angle-of-incidence.
The influence of the continuously changing solar spectrum was included in the model as an empirically determined function, fl(AMa), called the "AMa Function" related to the absolute air mass (AMa). AMa is the term used to describe the path length that sunlight traverses through the atmosphere before reaching the ground, with adjustment made for the altitude of the site. AMa is readily calculated knowing time of day and site latitude, longitude, and altitude [ll] .
The influence of temperature, T, on a pyranometer's response was compensated for by using a temperature coefficient, a, determined in the same manner routinely used for photovoltaic reference cells [12] . The reference temperature, To, was assumed to be 25 "C. Temperature coefficients measured for seven different LI-COR pyranometers gave an average value of +0.00082 (lPC) with a standard deviation of f0.00021. 
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This model and the experimental measurement of the AMa and A01 Functions have led to a technique for making first order corrections to irradiance measurements using silicon-photodiode pyranometers. The technique can also be applied to photovoltaic reference cells or any other solar irradiance sensor that is based on a photovoltaic device. The distinction of the new technique is its method for separating the effects of solar spectrum, angle-of-incidence, and temperature. The technique is thoroughly documented elsewhere [I 31.
Measuring the AMa Function
The concept of the AMa Function can be understood by examining the standard ASTM formulation for calculating a "spectral mismatch correction" [14] . The spectral mismatch correction is used to correct the shortcircuit current (Isc) measured under a test spectral irradiance to the value expected under a reference solar spectral irradiance. Two solar spectra have been standardized as references by ASTM for the AM,=1.5 condition, one for the direct normal spectrum and one for the global spectrum [15, 161. The outdoor test method for measuring the AMa Function is straightfotward and basically applies the concept of spectral mismatch correction on a continuous basis over the day. The test method is documented elsewhere [ l 11 . Fig. 4 shows the AMa Functions measured on three different dates for a typical LI-COR LI-200 siliconphotodiode pyranometer under clear sky test conditions in Albuquerque, NM. Note that the solar spectral influence results in systematic impact on the relative response of the instrument; a 2% effect from AMa=1 to 1.5 and an 8% effect from AMa=l.5 to 5. Our experience has been that the spectral response of the photodiodes used in the LI-COR devices has been consistently the same for many years, and consequently the AM, Functions are repeatable from one instrument to the next. Thus, the polynomial fit in Fig. 4 is offered as a generic spectral correction for LI-COR pyranometers, when used under clear sky test conditions. Please recognize that the results shown in Fig. 4 are only applicable to LI-COR pyranometers; the AMa Functions for other photovoltaic devices can be significantly different and must be measured separately [ l l ] . 
Measuring the AOI Function
The outdoor test method for measuring the AOI Function has also been documented elsewhere [ l 11 . Basically the procedure involved mounting the pyranometer on a computer-controlled solar tracker and then moving the tracker through a programmed sequence of azimuth offset angles resulting in the AOI being varied from -90 to +90 degrees; while maintaining other variables such as irradiance level, solar spectrum, and ambient temperature nominally constant. Fig. 5 shows the measured influence of AOI on the pyranometer's response. The measured result is consistent with the manufacturer's specification and with indoor measurements by other researchers [17] . The influence of AOI was also found to be similar from one LI-COR device to the next, thus the polynomial fit in Fig. 5 can be used as a generic correction. The results shown in Fig. 5 are only applicable to LI-COR pyranometers. 
CALIBRATlON METHODS
Silicon-photodiode pyranometers are fundamentally photovoltaic devices, and as such, standard ASTM test procedures can be applied to calibrate them by using a solar simulator [18, 191 . In this manner, it is possible to obtain calibration constants (Cl, C2) for both the ASTM standard direct normal spectrum [15] and for a diffuse solar spectrum, as required by the model in Eqn. 1. In lieu of an ASTM standard for the "blue rich diffuse solar spectrum, a reasonable approximation, consistent with measured diffuse spectra [ l l ] , can be calculated as the difference between the standard ASTM global and direct normal spectra. Then the spectral mismatch correction procedure [14] can be used to determine the calibration constant for a diffuse spectrum, Cp. llsing this approach, we calculated that CZ for a diffuse spectrum was 7.3% lower than the calibration constant for the ASTM standard direct normal spectrum.
Conventional outdoor calibration procedures [8, 91
can also be applied to for these silicon-photodiode pyranometers, as long as the AMa and AOI Functions are used to compensate for spectral and angle-of-incidence influences. For instance, the "corrected calibration factor previously shown in Fig. 2 was obtained by applying the generic AMa and AOI corrections given in this paper to calibration data obtained by NREL using traditional methods. For both the tilted and horizontal orientation, these corrections gave calibration values that varied by less than e%, for test conditions with AMa<3.5.
APPLICATION OF CORRECTIONS
Eqn. 2 gives a general expression for correcting the measured response, R, from a silicon-photodiode pyranometer for the influences of solar spectrum, angleof-incidence, and temperature.
Using the corrected response, an improved estimate for the total (broadband) irradiance, Et, can be obtained. In this general case, an estimate of an additional parameter, k = the ratio of the diffuse to total irradiance, is needed. However, depending on how much information is available to the user, Eqn. 2 lends itself to simplification. For instance, if temperature correction is not employed, then the temperature related factor in square brackets can be deleted. If no attempt is made to distinguish between the direct and diffuse solar components, then the divisor can be deleted and a single calibration constant used. In all cases, AMa and AOI corrections given in Figs. 4 and 5 should be applied.
To further illustrate the effectiveness of the relationship defined by Eqn. 2, a comparison between total irradiance measurements using an Eppley PSP pyranometer and a corrected LI-COR pyranometer are shown in Fig. 6 . The data shown in Fig. 6 were recorded on several different days (clear sky and overcast) with both the Eppley PSP and the LI-COR on a solar tracker, eliminating AOI influences. Corrections were applied for AMa and temperature, and a single calibration constant was used (no distinction between Edni and EM). For the days shown, the AMa range was from 1 to 10. On clear days, the agreement between the LI-COR and PSP was remarkably good, with differences less than +1%. In contrast, without corrections on clear days LI-COR measurements were 10% high at low irradiance and 3% low at high irradiance. For cloudy conditions, the corrected data agreed within +5%; but without corrections differences ranged from 15% high to 10% low. 
CONCLUSIONS
This work has provided strong evidence that by addressing the systematic influences associated with solar spectrum, solar angle-of-incidence, and temperature, the accuracy of total irradiance measurements using silicon-photodiode pyranometers can be comparable to that achieved using thermopilebased pyranometers. Additional field experience for a wider variety of operating conditions and sites are needed to firmly establish the general applicability of the generic corrections provided in this paper. The procedures documented in this paper are also applicable to photovoltaic reference cells and modules.
